formation. We also examined the recruitment of lck to As seen in Figure 1A , when the front edge of a crawling D10 cell contacts an agonist-pulsed CH27 B cell, it forms the synapse following altered peptide ligand (APL) stima flat interface, rapidly fluxes calcium, and accumulates ulation. We find that the temporal and spatial patterns membrane localized lck-GFP at the interface (see Supof lck recruitment do not differ between strong and weak plemental Movie S1 at http://www.immunity.com/cgi/ agonists, but the efficiency of conjugate formation is content/full/17/6/809/DC1 for the full timecourse). Interreduced in the later case. Furthermore, antagonists do estingly, a large intracellular pool of lck-GFP is present not induce efficient conjugate formation. We also dein D10 cells, and it translocates toward the interface, scribe an intracellular pool of lck in both T cell systems, frequently resulting in a trail of lck-GFP between the confirming the previous observations of Ley et al. (1994) intracellular pool and the membrane accumulation (Figin Jurkat T cells. We find that this pool surrounds the ure 1A, last two frames). Within the synapse, lck-GFP microtubule organizing center (MTOC), colocalizes with moves rapidly from the periphery to a more central rerecycling endosomes, and translocates to the interface gion within the first couple of minutes post calcium flux following agonist but not antagonist stimulation.
(compare the 1 min to the 2 min time point). Then lck-GFP moves to the periphery of the synapse until the Results intracellular pool translocates to the interface, obscuring the precise membrane lck localizations (compare 4 and Lck-GFP Is Functional and Does Not Interfere 5 min time points to the 7 min time point).
with T Cell Receptor-Mediated Activation
We also examined lck-GFP accumulations at the imAs previously reported, we made a carboxy-terminal lckmunological synapse following stimulation with the an-GFP fusion with a four amino acid linker, PVAT ( To quantitate the relative amount of lck-GFP at the immunological synapse following agonist and antagoimmunity.com/cgi/content/full/17/6/809/DC1). Therenist stimulation, the average intensity at the T cell:B cell fore, we proceeded to examine the spatial and temporal interface was compared to the rest of the cell membrane localization of lck-GFP at the immunological synapse. during conjugate formation. Following CA stimulation, lck-GFP accumulates to a 1.5-fold level at the interface Lck-GFP Translocates to the Immunological Synapse within 3 min of calcium flux, and this level is maintained following Agonist but Not Antagonist Stimulation for at least 13 min. In contrast, there is no significant in D10 T Cells accumulation of lck-GFP at the interface following stimTo observe lck translocation to the immunological synulation with the antagonist E8T ( Figure 3A) . apse, lck-GFP D10 cells were imaged as they interacted To further characterize the difference between agonist with CA-pulsed CH27 B cells. The T cells were loaded and antagonist stimulation, the efficiency of conjugate with the calcium indicator dye fura-2 before imaging.
formation was compared. On a given day, random fields Agonist-pulsed CH27 B cells were added to the T cells, of D10 cells interacting with either CA-pulsed or E8T-and images were acquired for 15 min at 15 s time interpulsed CH27 cells were scored for the number of T cell:B vals. At each interval, four images were acquired: first, cell front contacts and the number of conjugates. Cells a differential interference contrast (DIC) image, second were scored positive for conjugation if they stopped and third 340 nm and 380 nm images for calcium analymigrating, formed a flat interface with a B cell, and fluxed sis, and fourth a 20 m z stack of GFP images acquired calcium. As seen in Figure 3D , the efficiency of conjugate at 1 m intervals. From this z stack, we generated formation is 80% with the agonist peptide CA, but only 3-dimensional (3-D) reconstructions of lck-GFP that with 10.3% with the antagonist E8T. In summary, CA were rotated to view the immunological synapse en face.
induces more efficient conjugate formation, lck-GFP acIn addition, we followed a central horizontal GFP slice cumulation, and translocation of the intracellular lck pool. of the cell over time. (Rabinowitz et al., 1996b) .
Lck-GFP Accumulates Efficiently at the
As seen in Figure 2A , when a 5C.C7 blast contacts a full/17/6/809/DC1), indicating that it is not a result of activation-induced endocytosis. Interestingly, this pool MCC-pulsed CH27 B cell, it rapidly fluxes calcium and forms a tight interface. Membrane localized lck-GFP often corresponds to a region of less intensity in the fura-2 signal, suggesting colocalization with endosomes quickly translocates to the immunological synapse (see Supplemental Movie S5 at http://www.immunity.com/ (compare the fura-2 images to the GFP images at 2:15 and 4:30 in Figure 2A ). cgi/content/full/17/6/809/DC1 for the complete timecourse). The 3-D reconstructions demonstrate that lckAs lck associates with CD4, we wished to test whether CD4 capping was sufficient to induce lck recruitment. GFP accumulates centrally shortly following calcium flux (see the 0 min time point), though the very first strong
We observed that antibodies to CD4 but not to CD3 stimulation. In contrast, there is no accumulation seen mulation while 70% demonstrate peripheral lck accumulations ( Figure 5C ). These data suggest that lck is refor the antagonist 99R.
Two additional criteria were considered for distincruited to the periphery of mature synapses providing a limited time in which it can interact efficiently with guishing between agonist and weak agonist stimulation. First, the magnitude and duration of calcium flux were CD3 ITAMS. To address the temporal window of lck and CD3 measured. As seen in Figure 3C , both MCC and 102S stimulation induce a rapid rise in calcium that plateaus interactions more directly, the synapse accumulation patterns of both molecules were compared throughout at 2-fold over background. In contrast, 99R induces a smaller calcium flux that is transient and periodic. As the duration of conjugate formation. To this end, four synapse patterns were scored as previously described the graph represents an average, it does not reflect that calcium levels return to baseline and spike periodically (Richie et al., 2002) . In brief, interfaces were defined by the flat region at the T cell:CH27 junction. Accumulations following antagonist stimulation in individual cells (data not shown). The second criterion considered was the that extended to the periphery of the interface but were absent from the center were scored as excluded; central efficiency of conjugate formation. In random fields, 5C.C7 blasts were scored for total contacts made and accumulations were those in the middle of the interface that did not extend to the periphery; uniform accumulathe number of conjugates formed with CH27 B cells. As seen in Figure 3D , the efficiency of 5C.C7 blast conjutions were evenly distributed across the interface; and excluded ϩ central patterns displayed discreet central gate formation is 65.3% to MCC, 40.7% to 102S, and 6.8% to 99R stimulation. In summary, while neither the and peripheral accumulations. Figure 5D lar accumulation patterns, we performed immunofluoAt time point 0, the first accumulations of CD3 are at rescence on retrospective 5C.C7-CH27 conjugates. As the periphery of the synapse, but over time, CD3 is seen in Figure 6 , lck and CD4 largely colocalize at the recruited into one predominant accumulation at the cenimmunological synapse periphery, while V␤3 is found in ter of the synapse (compare time point 0 to time points the center, consistent with patterns observed using GFP 3 and 12). This is consistent with the pattern and kinetics fusions. However, it should be noted that this spatial of CD3 accumulation as reported previously in D10 resolution does not allow us to distinguish between molcells (Krummel et al., 2000) . ecules at the cellular membrane and those within vesiTo compare CD3 and lck, we quantified the fold incles just below the surface. Therefore, it is possible that crease of CD3-GFP intensity at the interface during V␤3 has been internalized. The peripheral CD4 accumuconjugate formation. As seen in Figure 4B , both molelation in 5C.C7 cells is consistent with previous observacules are recruited to the synapse with remarkably simitions in D10 cells (Krummel et al., 2000) . To establish a lar kinetics. One minute after calcium flux, they accumudirect comparison between CD4 and the prototypical late at slightly more than a 1.5-fold level, and this peripheral synapse marker LFA-1, we performed immuaccumulation is maintained for at least 13 min post calnofluorescent analysis on these two proteins. As seen in cium flux. Therefore, lck and CD3 are temporally coordi- Figure 6 , both CD4 and LFA-1 colocalize to the synapse nated at the synapse. We next compared the spatial periphery, confirming that CD4 is a peripheral marker. accumulations of lck and CD3 in more detail.
Lck-GFP and CD3-GFP 5C.C7 blasts were allowed to interact with MCC-pulsed CH27 B cells at least 30 min An Intracellular Pool of lck Surrounds the MTOC and Is Colocalized with Recycling Endosomes before imaging. We then generated 3-D reconstructions, which were rotated to view the immunological synapse Though an intracellular pool of lck has been previously described in Jurkat T cells (Ley et al., 1994), we wanted en face. As seen in Figure 5A and B, lck-GFP is predominantly found in peripheral accumulations, while CD3-to ensure that this pool was not a result of mislocalization of the GFP fusion protein. Therefore, we stained GFP is found in central accumulations. Specifically, 68% of retrospective conjugates display a central CD3 accuendogenous lck in both D10 and 5C.C7 T cells. The deconvolved images in Figure 7A show an intracellular however, anti-transferrin receptor colocalizes extensively. To confirm this result, a pulse-chase experiment pool of endogenous lck in both. We then stained lck-GFP-expressing D10 cells with an anti-␤ tubulin antiwas performed with labeled transferrin. Initially, transferrin is seen only on cell membranes ( Figure 7E top body. This shows that the intracellular lck pool tightly surrounds the microtubule organizing center (MTOC), row), but over time it is internalized so that by 20 min, it is largely colocalized with the intracellular pool, sugas identified by the high-intensity region in the ␤ tubulin stain ( Figure 7B ). This localization suggests that intracelgesting colocalization with recycling endosomes. The labeled T cells were then imaged during conjugate forlular lck might be associated with microtubules. Indeed, the pool is dispersed into numerous small accumulamation with CA-pulsed CH27 cells, demonstrating that transferrin and intracellular lck translocate to the intertions following treatment with nocodazole ( Figure 7C ). These data suggest that the intracellular pool transloface simultaneously ( Figure 7F and Supplemental Movie S9 at http://www.immunity.com/cgi/content/full/17/6/ cates to the interface concomitantly with MTOC reorientation.
809/DC1). Translocation of intracellular lck to the immunological To narrow the identity of the intracellular pool with respect to cellular organelles, we stained lck-GFP D10
synapse suggests that lck may contribute to T cell signaling in the late synapse. To address this possibility, cells with anti-␥-adaptin to identify the trans-golgi network or with anti-transferrin receptor to stain recycling we examined antigen-induced 5C.C7 T cell blast proliferation upon addition of PP2, a potent lck and fyn inhibiendosomes. In addition, TRITC-dextran uptake labels late endosomes. As seen in Figure 7D , neither ␥-adaptin tor (Hanke et al., 1996), at various time points after T cell:APC admixture. Proliferation is inhibited completely nor TRITC-dextran colocalize with the intracellular pool; showing that even 2-fold changes in the number of (Supplemental Figure S4 at Lee et al., 2002) . Consistent with these data, we nological synapse. We find that both are rapidly refind that lck is in close proximity to CD3 at the nascent cruited to the synapse where they are stably maintained synapse periphery, but over the next couple of minutes, for at least 15 min (Figures 3 and 4 formation ( Figure 3D) . Previous work has shown that counter the activity of CTLA-4-associated phosphaweak agonists induce less T cell proliferation but similar tases. Future studies are needed to address these possiacid release and calcium flux as strong agonists (Rabibilities. nowitz et al., 1996b). Our data are consistent with these Our data on lck recruitment to the immunological synobservations: if a smaller percentage of T cells are inapse, along with a wealth of previous experimentation, duced to form conjugates by weak agonists, then the suggests a multistage role for lck in T cell activation. maximum proliferation of the population would be reFirst, lck initiates signaling by phosphorylating CD3 duced.
ITAMS following the engagement of a sufficient but small In both the 5C.C7 and D10 systems, antagonists failed number of TCRs (Iwashima et al., 1994) . Rapid reorganito induce significant calcium flux or lck accumulation zation of the actin cytoskeleton follows (Dustin and Cooat the synapse (Figure 3) . Furthermore, they did not per, 2000) , recruiting molecules such as CD3, CD4, induce conjugate formation any more efficiently than CD28, CD45, and lck to the immunological synapse unpulsed CH27 cells (data not shown and Figure 3D 
